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TITLE OF THE INVENTION 
P tt T -SKTPPTNG PFM T >r-nr CONVERTER 
T TSTNG A VO T I APE MODE CONTROL LOOP 

CROSS REFERENCE TO RELATED APPLICATION 

This application claims the benefit of U.S. Provisional Patent Application Serial 
No. 60/484,557; filed July 2, 2003; and titled "Pulse-Skipping PFM DC-DC Converter 
Using A Voltage Mode Control Loop." 

BACKGROUND OF THE INVENTION 

TECHNICAL FIELD OF THE INVENTION 

The embodiments of the invention relate to converter circuits and, more 
particularly, to utilizing a PFM circuit to control a DC-DC converter of an integrated 
circuit chip. 

DESCRIPTION OF RELATED ART 

A variety of electronic equipment, especially portable or handheld electronic 
devices, are capable of being powered from a battery. Some of these portable and/or 
handheld devices include, but are not limited to, laptop or notebook computers, personal 
digital assistants (PDAs), compact disc (CD) players, digital video disc (DVD) players, 
MP3 (an audio standard under the Moving Picture Experts Group or MPEG) players, 
AM/FM (amplitude modulation/frequency modulation) radios, pagers, cellular 
telephones, etc. These devices typically contain one or more integrated circuit chips to 
perform the function(s) intended by the device. Many, if not most, of these devices may 
be powered by self-contained power sources (such as a battery), and many are powered 
by external power sources (wall outlet), or both. 

In today's applications, certain interfaces may provide a power source through the 
interface itself. A bus specification, such as a Universal Serial Bus Revision 2.0 
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specification (USB 2.0) provides not only protocol for data transfer between wo devices, 
but the USB 2.0 specification also provides a power link between a USB host and a USB 
device coupled onto the bus. For example, a peripheral device (such as a MP3 player), 
when coupled to a host (such as a personal or laptop computer) through USB 2.0, the bus 
not only provides the data lines for data transfer between the two devices, but + 5 vote 
(nominal) is also provided to the peripheral through the interconneet. Thus, devtces 
coupled onto the USB 2.0 interconnect may utilize the voltage provided on the bus to 
power circuitry of the peripheral component. 

A DC-DC (direct current-to-direct current) converter may be utilized to convert 
the battery voltage, external vo.tage or bom voltages to a DC value which will supply 
power to various circuits of an integrated circuit chip or chips. The converted voltage 
may be a supply voltage (rail voltage) provided to a load. Since the load at the output of 
the DC-DC converter may vary substantially, the load cutrent may vary considerably as 
well For example, with a MP3 player, the load may vary considerably due to the various 
power states that the MP3 player may be in. When the MP3 player is not being utthzed, 
the MP3 player may have an ultia-low power state, but may awaken as soon as a button ,s 
pushed. In some instances it is desirable for the DC-DC converter to be as efficient as 
possible in the low power state to extend the device's battery life. 

However, when switched DC-DC converters are used, the converters are 
inherently less efficient when driving light loads because the power needed to switch the 
large power field-effect-transistors (FETs) is comparable or greater than the energy 
transferred to the load. When driving a heavy load, the energy needed to switch the FETs 
is less relative to energy transferred to the load, so the efficiency is higher. A common 
way to improve light load efficiency is to implement a pulse-frequency modulatton 
, (PFM) converter, which modulates the frequency that the DC-DC converter operates to 
optimize efficiency by enabling the power FETs to bring the output voltage to a htgh 
threshold, then disabling the FETs until the voltage drops to a low threshold. Tins 
toproves efficiency by reducing the number of time the FETs ate toggled to transfer 
power to the load. 

0 The architecture of these PFM converters typically implement some form of 

current mode control. However, current mode control is difficult, because it requires 
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sensing currents, which is difficult to sense dne to noise, offsets and circuit complexity. 
Als „, sensing a-curren, usual., requires a sensing resistor, which 
efficiency. Thus, sensing current in a switched DC-DC converter may be dtfficu.. to do 
or may be undesirable. 
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SUMMARY OF THE INVENTION 

In one embodiment of the invention, a voltage converter nses a pnlse frequency 
modulation ant. to reeeive a feedback of an converted ontpn. voltage and establishes an 
5 npper limit level and lower limit level for the output voltage by use of a voltage mode 
control loop to maintain the output voltage near the converted vahte determined by the 
npper and lower limit levels. The pulse frequency modulation unit further mcludes a 
filter to filter the feedback of the output voltage to detect a sign change when the upper 
and lower limits are crossed and, in one instance, to detect the steady state conditton tn 
,0 tire control loop. A pulse frequency modulation unit skips predetermined number of 
pulses of the filter output after a sign change to turn off the voltage converter. 

In another embodiment of the invention, a direct current to direct current (DC- 
DC) converter employs a converter circuit to convert a battery voltage to an output 
voltage, in which the converter circuit includes a pair of switching transistors that swttch 
,5 alternately to have the battery voltage converted to produce the output voltage. A control 
circuit is used to receive a feedback of the output voltage to maintain the output voltage 
within a specified value between an upper limit level and a lower limit level. The control 
circuit is used to disable the converter circuit when the output voltage is at the upper hmtt 
level and to enable the converter circuit when the output voltage is a, the lower limit level 
20 to maintain the output voltage between the upper and lower limit levels. 

In another embodiment, a comparator in the feedback loop of the output voltage 
compares the output voltage to a reference value to detect a sign change at a crossover 
point when the upper and lower limit levels are reached by the output voltage. In another 
embodiment, the converter includes a high rate filter and a low rate filter to filter the 
25 output from the comparator to control switching operation of a pair of swttchmg 
transistors of the converter, bnt only the high rate filter is nsed to generate a control 
signal to enable and disable the pair of transistors. 
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 

Figure 1 isablock schematic diagram of an integrated circuit chip operating as an 

audio system on a chip; 

Figure 2 is a block schematic diagram illustrating an embodiment of the invention 
in which PFM control is used within a DC-DC converter to control the 
activation/deactivation of the DC-DC converter circuit; 

Figure 3 illustrates a waveform diagram in which upper and lower limit levels are 
used to provide voltage mode control loop to control output voltage V 0 ut; 

Figure 4 is a block schematic diagram illustrating one embodiment for 
implementing the PFM control unit shown in Figure 2 employing the voltage mode 

control loop of Figure 2; 

Figure 5 is a circuit schematic diagram for implementing the DC-DC converter of 

Figure 2 and utilizing the PFM control unit of Figure 4; 

Figure 6 is a flow diagram illustrating the operation of a software program to 
generate the PFM control signals to turn the FETs on and off, as well as changing a limit 

level for subsequent detection; 

Figure 7 is a waveform diagram illustrating one response of a filter output when 
upper limit level V H detection is reached and a subsequent wait time to reach a steady 
20 state condition before turning off the FETs; 

Figure 8 is a block schematic diagram illustrating a utilization of a high rate filter 
and a low rate filter in the filter unit as one embodiment in implementing a filter shown in 
Figure 5; 

Figure 9 is a circuit schematic diagram showing a modified circuit of Figure 5 to 

25 design a buck converter; and 

Figure 10 is a circuit schematic diagram showing another modified circuit of 

Figure 5 to design a multiple-output boost converter. 
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DETAILED DESCRIPTION OF THE EMBODIMENTS OF THE INVENTION 

The embodiments of .he present invention may be praetieed in a variety of 
settings that imp.emen, a power converter, snch as a direct eurrent-direc, eurren. (DC- 
DC) converter. For example, in one embodiment of the invention, a DC-DC eonverter 
receives battery power and converts the battery voltage to an output voUage, whteh ,s 
rtffised by outer c„mponen«(s) powered by the DC-DC converter. Whenever externa! 
power (such as power provided by USB 2.0 interconnection), the DC-DC converter may 
convert this voltage as well With ma. understanding, .he examples be,ow are descnbed 
in reference .0 converting battery vohage .0 a DC vohage, which powers a load. 
Furthermore, although a variety of different systems and components may be 
implemented, a particular system imp,emen«a.ion is illustrated in Figure 1 as one 
embodiment of a system to practice the invention. 

Referring to Figure 1, an example in.egm.ed circuit (IC) 100 is shown m whrch 
, one embodiment of the invention is implemented within IC 100. The example IC 100 rs 
a single IC chip that implements a complete audio system. It is .0 he noted that me 
example embodiment of Figure 1 implements a complete audio system on a single chrp, 
but outer embodiments of the invention may incorporate one or more in.egm.ed crrcur, 
chips to provide a complete system or parts of a system. 

As il.usna.ed in Figure 1, a variety of blocks are noted wimin the confines of 
,C 100 The various blocks exemplify hardware components, software and mterfaces 
resident wimin IC 100. The example audio system of IC 100 may operate with one or a 
varie.y of devices, as i.lustiated in Figure 1. Accordingly, a CD (compact disc); LED 
(Ugh, Emitting DiodeVLCD (Liquid Crystal Display) displays, buttons and/or swrtches; 
25 MMC (Multimedia CardySD (Secure Digital) catds; I2C peripherals; SmartMedrr, 
Compact Flash, NOR Flash, NAND Flash, and/or hard drive devices; and memory, such 
as SDRAM (Synchronous Dynamic Random Access Memory) are some components that 
may be coupled to IC 100 through an I/O (input/output) pin multiplexer 110, as rs 
ifiustrated in Figure 1. These various multiplexed connections are coupled ,0 respective 
3» interfaces, as shown in Figwe 1. These interfaces include CD control interface 1 1 1 ; 2S 
and CD synchronization interface 1 12; GPIO (General Purpose Input/Output) interface 
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113, SPI (Serial Peripheral Interface) interface 114; I2C interface 115; Flash/IDE 
(Integrated Device Electronics) interface 1 16; and SDRAM interface 1 17. 

Furthermore, a USB 2.0 interface 120 allows the coupling of a USB connection 
external to IC 100. In the particular embodiment shown, USB 2.0 interface 120 is 
compatible with the USB 2.0 and backward compatible to a USB 1.1 protocol. A 
Aerophone input, radio input and a line input are also available on IC 100 to allow 
interconnection to a microphone, radio, or other audio input. 

The core of IC 100 is a DSP (Digital Signal Processor) 125, which in this 
embodiment is a 24-bit DSP. An on-chip ROM (Read Only Memory) 126 and an on-chip 
RAM (Random Access Memory) 127 operate as memory for DSP 125. An analog-to- 
digital converter (ADC) 130 allows for analog inputs to be converted to digital format for 
processing by DSP 125. Similarly, a digital-to-analog converter (DAC) 131 is present to 
convert digital signals to analog signals for output in analog form. In this instance, 
amplified signals through a summation node 132 and headphone amplifier 133 generate 
an amplified analog signal output external to IC 100. For example, the analog output 
may be operably coupled to a set of headphones. Also included within IC 100 is a filter 
and ECC (Error Correction Circuit) engines 140 to provide filtering and error correction 
operations. Other functions are shown within block 141 to provide various control and 
timing functions. These may include Interrupt Control, Timers, Bit Manipulation Unit, 
Real Time Clock (RTC), Trace Debug Unit, and error correction just to name a few of the 
operations. 

Also within IC 100 is a RTC PLL (Real Time Clock/Phase Lock Loop) circuit 
151, which is coupled to an external crystal 150 to provide an accurate clocking signal for 
circuits of IC 100. Memory and peripheral buses are also present within IC 100 for 
; transfer of data and signals. A temperature sensor circuit 152 is present to monitor the 

temperature of IC 100. 

In Figure 1, a rechargeable battery 160 is shown coupled to a low resolution ADC 
161 DC-DC converter 162 and battery charger 163. ADC 161 monitors the battery 
voltege to determine if the battery voltage is such that battery 160 may require charging 
0 or if the battery is fully charged. The ADC 161 may also monitor the battery voltage to 
determine if a battery is present. Thus, if the battery is not present or is removed during 
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use , C 100 detects the absence of the battery through .he monitoring provided by the 
ADC 161 The DC-DC converter 162 converts the battery voltage to an operattve 
voltage utilized by components of IC 100. Battery charger 163 is uti.ized to charge rhe 
battery when an external voltage source is coupled to IC 100. 

A variety of batteries may be utilized for battery 160 and, as noted above, battery 
160 is a rechargeable battery. In one particular embodiment, the rechargeable battery >s a 
Nickel Metal Hydride (NiMH) battery. I. is to be noted that various other batteries may 
be utilized, including alkaline cells and fithium ion (LiON) batteries. Generally, battery 
,60 provides a voltage in the mnge of 0.9 to 3.6 volts to IC 100. In toe instance where a 
NiMH battery is used, the typica! range is 0.9 to 1.25 vote. Since the vo.tage fan the 
battery may vary, and/or the circuitry may require voltages Cher than what is provtded 
by the battery, DC-DC converter 162 provides conversion of the battery voltage to one or 
more voltages utilized on IC 100. In some embodiments, the converter 162 may provtde 
more than one DC conversion fat, the battery. For example, in one embodiment a 
NiMH battery of 0.9 to 1 .25 volts may provide nomina. chip vo.tage of 3.3 volts to the 
load in another a combination of 3.3 vote and 1.8 volts are provided to the load. 

The IC 100 is designed to also operate fan other external power sources, when 
such power sources are coupled to IC 100. One of (he power sources may be provided 
through USB 2.0 interface 120. The USB 2.0 protocol specifies the transfer of data by 
, the use of differential data lines through a USB link, such as bus 121. The data > 
generally provided on a differentia, fines (D+ and D- lures). The USB 2.0 protocol also 
specifies the presence of a + 5 vo.t DC voltage through bus 121 through V BUS and ground 
(GND) connections. Thus, an external power source having a voltage of + 5 vote 
(nomina.) may be used as a power source for the IC 100 through USB 2.0 interface 120 
■5 when bus 121 is coupled to the IC 100. In this instance, a USB host provides the 5 volts, 
while IC 100 operates as a USB device coupled to the USB host. IC 100 then may use 
te 5 vote to power components or circuitry on IC 100 provided the various USB 
specification requirements are met. In the par.icu.ar embodiment of Figure 1, when 
bus 121 is coupled to IC 100, .he 5 vote fan the USB host powers the internal ctrcuttty, 
30 instead of battery 160. Charger 163 uses the 5 vote fan fire USB host to also charge 
battery 160. 
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Referring to Figure 2, a DC-DC converter 200 is shown operably coupled to a 
battery 210 The DC-DC converter 200 comprises a DC-DC conversion circuit 201 and a 
pulse frequency modulation (PFM) con.ro. unit 202. The DC-DC conversion circut, 20, 
is coupled to the battery and performs the conversion on the vo.tage supplied by battery 
s 210 to generate an output voltage Vout. Voltage Vour men supplies power to a load. It 
is to be noted mat a variety of DC-DC converter circuits may be implemented and that 
DC-DC conversion circuit 201 in Figure 2 is but one embodiment for achieving the 
voltage conversion. In typical operation, the battery voltage is converted or boosted to a 
higher voltage Vour. For example, in one embodiment tire battery supplies a voltage 
0 approximately in the range of 0.9-1.1 vol.. and DC-DC conversion circuit 201 converts 
that battery voltage to an approximate Vout voltage of 3.3 volts. 

Although a variety of DC-DC conversion circuits may be employed, one type of 
popular conversion circuitry uses a switch mode converter having switching transistors, 
such as Field Effect Transistors (FETs). One such switch mode converter ctrcutt ts 
, 5 iUustrated in the embodiment of Figure 5 and described fttrther below. Another 
embodiment for employing a switch mode converter is described m U.S. Patent 
6 204 65 1 Thus, it is to be noted that a variety of converters may be used for the DC-DC 
conversion circuit 201 of Figure 2, but a number of embodiments employ switching 
transistors to provide switch mode conversion of the battery voltage for use by the load. 
20 The PFM control unit 202 is also shown as part of the DC-DC converter 200. The 

PFM control unit 202 receives the V ou r voltage and generates control signals to the DC- 
DC conversion circuit 201 to determine the uppet and .ower switching thresholds or 
lintits for tire transistors of DC-DC conversion circuit 201. As stated, one embodtment 
for implementing DC-DC converter 200 of Figure 2 is shown in more detatl m Ftgure 5. 
J5 Furthermore, DC-DC converter 200 may be implemented for the DC-DC converter 
shown for IC1 00 in Figure 1. 

As noted in the Background section above, pulse frequency modulation control 
may be used in a switched DC-DC converter to improve light load efficiency. PFM 
control unit 202 utilizes pulse frequency modulation to improve light load efficiency of 
30 the converter by modu.ating converter frequency, but does so using voltage mode contro. 
loop for the converter. 
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The operation of the PFM control unit 202 for voltage mode control loop 
operation is better understood with the V 0 ut diagram shown in Figure 3. Diagram 300 is 
a graph of the voltage V 0 ut versus time. Voltage waveform 301 shows the voltage 
waveform of V 0 ut at the output of the DC-DC converter 200 of Figure 2. An upper (or 
high) threshold (also referred to as limit or target) level is noted as V H and this limit level 
is shown by dotted line 302 in Figure 3. A lower (or low) threshold (limit or target) level 
is shown as V L and by dotted line 303. The PFM control unit 202 maintains the V 0 ut 
voltage from the DC-DC converter between the two limit levels. Thus, when the V 0 ut 
value reaches the upper limit level V H , the DC-DC converter circuit is deactivated, which 
allows the output voltage to drop. 

Once Vout drops to the lower limit level V L , then the PFM control unit 202 
activates the DC-DC converter, so that V 0 ur begins to climb until it reaches the upper 
limit level V H . The cycling between the two selected limit levels, attempt to confine 
Vout between V H and V L levels. In one technique, the PFM control unit 202 causes the 
pulse width modulator, which controls the operation of switching transistors of the DC- 
DC converter, to disable the switching transistors (skipping pulses) when the V H limit is 
reached. 

Figure 4 illustrates a block diagram of a circuit 400 depicting one embodiment for 
implementing the PFM control unit 202 of Figure 2. Circuit 400 comprises a V H detect 
unit 401, a V L detect unit 402, a control unit 403 to turn off the FETs, a control unit 404 
to turn on the FETs, a limit setting unit 405 and FETs 406, which operate to provide a 
switch mode DC-DC conversion. A battery 410 is shown operably coupled to the FETs 
406 through an inductor 411. In this particular embodiment, the FETs control the 
switching of the inductive current I L to the output to generate the conversion of the 
battery voltage to V 0 ut- The use of an inductive current from the battery 410 in a switch 
mode converter to generate an output voltage is generally known and one such technique 
is described in U.S. Patent 6,204,651. Furthermore, in one embodiment described below, 
the V H detect unit 401 senses a steady state condition of the control loop of the circuit 
400. 

In operation, the Vout voltage is monitored by the upper limit level and the lower 
limit level detect units 401 and 402, respectively, to turn on (activate or enable) or off 
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(deactivate or disable) FETs 406 as illustrated by waveform 301 of Figure 3. 
Accordingly, when the upper limit level V H is reached, V H detect unit 401 sends a signal 
to control unit 403 to turn off FETs 406. Control unit 403 also sends an update stgnal to 
the limit setting unit 405 to deactivate V H detect unit 401 and activate V L detect unit 402. 
Once the FETs 406 are turned off by control unit 403, V 0 ux begins to drop until the lower 
limit level V L is reached. When V 0 ux reaches the V L limit level, V L detect unit 402 
detects the lower limit voltage and sends a signal to control unit 404 to turn the FETs 406 
back on. 

Additionally, control unit 404 sends an update signal to the limit setting unit 405, 
which then turns off V L detect unit 402 and turns on V H detect unit 401. The FETs 406 
are now activated so that the output voltage V 0 ut continues to rise until the upper limit 
level of V H is reached, at which point the cycle repeats itself. It is to be noted that 
various other circuitry may be implemented in other embodiments to detect lower and/or 
upper limit levels and activate or deactivate the FETs of DC-DC converter 406. 

Circuit 500 of Figure 5 depicts one embodiment for implementing circuit 400 of 
Figure 4. The FETs 406 are shown as a P-channel transistor 501 and N-channel transistor 
502. A battery 510 and an inductor 511 are coupled to the junction node of the transistors 
501 and 502. A feedback loop comprised of voltage divider resistors 520, 521, and 522, 
a comparator 530, a filter 531, a sigma delta (EA) unit 532 and a parallel to pulse width 
modulation (PWM) unit 533, provide the control loop to control the switching of 
transistors 501, 502. A PFM control unit 540 receives an input signal from filter 531 and 
generates a control signal to control the input to unit 533, as well as tap control to the 
voltage divider network at the input of comparator 530. 

In operation, when N-channel transistor 502 is activated, energy is stored in 
inductor 500 with the flow of the inductor current I L . P-channel transistor 501 is off 
during this phase. Subsequently, transistor 502 is turned off and transistor 501 is turned 
on to transfer the stored energy of the inductor to the output node for Vout- Accordingly, 
the switch mode switching operation of the transistors transfers the inductor current 
supplied by the battery 510 to the output node corresponding to V 0 ut- This current 
, transfer allows battery voltage conversion so that a V 0 ut of converted magnitude is 
provided. Because of the rapid switching of the transistors 501 and 502 to generate V 0 ut 
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fan the source voltage of the battery, the ir.due.or current I L is eonstautly eharrging, 
therefore difficult to measure accurately. Thus, the described embodiment of the present 
invention monitors V 0UT to set upper and lower limits V„ and V L by controlling when the 
transistor pairs 501 and 502 are to be operative in the switch mode to provide DC-DC 
conversion. 

Filter 531 filters the comparator output and generates a 16-bit signal to a digital 
sigma delta (SA) unit 532. The IA unit 532 then generates a 5-bit control signal to 
parallel to PWM control unit 533. The 5 bits determine the tum-on/turn-off phases for 
transistors 501 and 502 when the transistors operate in the switch mode to convert the 
battery voltage. Filter 531, EA unit 532 and parallel to PWM unit 533 are utilized to 
control the timing of the pulse duration of transistors 501, 502 to obtain the proper 
desired voltage conversion of the battery voltage, when in the switch mode of operation. 
PFM control unit 540 is the unit which is utilized to control the upper and lower limit 
levels to activate and deactivate the switching operation of the transistors 501, 502. PFM 
control unit 540 sends a control signal output to parallel to PWM unit 533. In one 
technique, the pulses to the PWM unit 533 are skipped (pulse-skipping PWM) when the 
control loop is transitioning from V H to V L . 

The voltage divider network provided by resistots 520, 521, 522 is coupled as 
input ,o one input of comparator 530. A reference voltage, noted as V REF , is used to set a 
teshold to detect a sign change for fire input of comparator 530 as par, of the feedback 
for controlling the activation of transistors 501, 502. It is to be noted that two separate 
comparator units with two different V reF values may be utilized to separately momtor 
and identify when the V„ and V L limit levels are reached. However, in the parttcular 
embodiment shown in Figure 5, a tap control signal from PFM control unit 540 >s 
coupled to a switch 550 to determine which tap is to be selected. The tap selection by 
switch 550 corresponds to the limit setting unit 405 of Figure 4. 

The position of switch 550 determines the tap point for the voltage divider 
network of resistors 520-522. Thus, when V 0UT reaches the pre-selected V„ limit level, a 
sign change at the output of the comparator 530 is detected by filter 531. The PFM 
j contro , unit 540 in mm sends a control signal to the parallel to PWM unit 533 to turn off 
both transistors 501 and 502. Furthermore, Are tap control unit then switches to the other 
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tap where the lower limit level V L is now monitored. As V 0 ut continues to drop, the V L 
limit level is monitored. Once the V 0 ux voltage reaches the lower limit level of V L , the 
filter detects the sign change and then sends a signal to PFM control unit 540. PFM 
control unit 540 then sends a signal to the parallel to PWM unit 533 to activate the 
transistors so that switch mode operation to convert the battery voltage may commence 
again. The tap control signal switches the tap back to the V H position so that the upper 

limit level or V H may be monitored. 

It is appreciated that although a simple switch 550 is shown in the circuit 500, it is 
to be noted that various other switching mechanism may be employed, including 
multiplexers, transistors, as well as other hardware and software control. A simple switch 
(switch 550) is shown for simplicity of explaining the operation of the tap selection. 

In one embodiment for practicing the invention, the V H detect unit 401 may look 
at a steady state condition at the upper limit. In some applications, oscillations may be 
present as a natural response of a second order system as it approaches steady state. 
Thus, oscillations are typically present in response to a step function input. In those 
situations where oscillations are present, the V H detect unit 401 waits until a steady state 
condition is reached before turning off the FETs. 

It is to be noted that PFM control unit 540 may provide the control operation by 
software. Accordingly, Figure 6 illustrates a flow diagram 600 in which the PFM control 
unit reads the V 0 ut value from the filter (block 601). When the threshold crossing is 
detected (block 602), a determination is made if the crossing is the upper or lower limit 
level (block 603). If the upper limit is detected, then a determination is made to ascertain 
if a steady state condition has been reached (block 604). If not, then the threshold 
crossing detection is looped until a steady state is reached for the upper limit detection. 
Once the steady state detection is reached at the upper limit, the FETs are disabled and 
the limit level changed to detect the lower limit level for the tap (block 606). If the limit 
level detected is the low limit level (at block 603), the FETs are turned on and the limit 
level is changed now to detect the upper limit level (block 605). It is to be noted that 
looping of block 604 is to simply allow the control loop to reach a steady state condition 
at the V H limit level, before disabling the FETs. In some embodiments, where the steady 



13 



DOCKET NO. SIG000090 

state is reached quiekly, block 604 may be skipped. An example oscillation that may be 
experienced when reaching the V„ limit level is shown in Figure 7. 

Figure 7 illustrates one embodiment for detecting the threshold at the upper hmtt 
level V„ Although wavefotm 301 of Figure 3 illustrated a sharp switching of the output 
voltage Votn when Vour reached the limit levels 302, 303, in reality mere may be some 
finite time before a steady state condition is teached at the V H limit level. Wavefotm 700 

illustrates this concept in Figure 7. 

In Figure 7, waveform 700 shows a condition where oscillations 701 are present 
when the V„ limit is reached. The bottom portion of Figure 7 illustrates an output of a 
filter (such as a high rate filter described in referent to Figure 8), where a state change ts 
noted, whenever a sign change is noted ftom the filter output. A sign change is noted 
whenever one or the other of the limit levels is crossed. Waveform 710 illustrates the 

response output from the filter. 

Accordingly, at time 720 when V 0 ut reaches V L , a state change is noted by the 
filter output corresponding to the crossing detection at V L . Subsequently, at time 725, 
Vout reaches the V H limit, causing a state change at the output of the filter. As noted, 
some amount of time may lapse before a steady state condition is reached. Using 
oscillations as an example, the state change of waveform 710 illustrate that mulfiple 
crossings may be detected, before a steady state condition is reached at time 730. 

In order to prevent the non-steady state condition (crossings due to oscillations) to 
affect the circuit response, the V H detect unit waits until a steady state condition is 
reached at time 730, before turning off the FETs. A variety of techniques may be 
employed to ensure that the steady state condition at time 730 is reached, before turning 
off the FETs. One such technique is to ignore a predetermined number of data counts 
(corresponding to time 703) by skipping a number of pulses from the filter once the 
initial sign change at the V H limit occurs at time 725. This ensures that the steady state 
condition may be substantially reached at time 730 prior to having the FETs turned off. 
As noted in Figure 7, the FETs are turned off at time 730 and V 0U x declines untrl the V L 
limit is reached, causing another state change in waveform 710 at time 735. 

In normal operation of controlling the transistors 501, 502 for DC-DC conversion, 
a filter unit 800 of Figure 8 may be employed. Filter 531 of Figure 5 may employ filter 
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unit 800. Filter unit 800 comprises a high rate filter 802 and a low rate filter 801. High 
rate and low rate filters 802, 801 are utilized to send the filtered signal to the £A unit to 
be quantized. The output of high rate filter 802 is also sent to the PFM control unit (such 
as unit 540 of Figure 5). This allows for a quick response to the feedback signal, when 
the Vout level reaches the limit levels. A variety of filters may be employed for the filter 
units 801 and such filters may or may not employ the high rate filter 802. In other 
embodiments, a filter may not be present. 

It is to be noted that various other circuitry may employ embodiments of the 
invention. Thus, instead of the DC-DC converter of Figure 5, a "buck converter" of 
Figure 9 may employ a similar technique. In Figure 9, a battery 910 and inductor 91 1 are 
reversed in their placement from like items shown in Figure 5. The buck arrangement is 
employed to generate V 0 ut that is less in magnitude from the battery voltage. The V H 
and V L signals are employed as in Figure 5 to control the FETs 501, 501 . 

Another embodiment is shown in Figure 10. In Figure 10, a multiple output boost 
circuit is illustrated in which multiple Vouts (shown as V 0 uti and V 0 \m) are generated at 
output of transistors 501A and 501B. The separate V OU ts have their own separate 
voltage divider network to generate separate V L and V H outputs (V L i, V H i, V L2 and V m ). 
Since there are multiple V L and V H outputs, the corresponding multiple outputs VL and 
VH are respectively combined through resistor network of resistors 930, 931 for input 
into comparator 530. The remaining circuitry may be equivalent to that of Figure 5. It is 
to be noted that although only two Vout outputs are noted, more than two V 0 uts may be 
used. 

Thus, by employing pulse frequency modulation control using a voltage mode 
control loop to activate and deactivate transistors used in switched DC-DC converters, a 
more precise operational control may be achieved. An advantage of such voltage mode 
control loop may be used in a switched DC-DC converter to improve light load 
efficiency. 
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